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A B S T R A C T  

The method i s  based on measurement of phase inva r i an t  

of a three-harmonic wave and it has been proposed f o r  e l ec t ron  dens i ty  

measurexent using a r t i f i c i a l  s a t e l l i t e s .  The e f f e c t  of r ad io  d i f f r a c t i o n  

of waves i n  ionospheric inhomogeneities on the f luc tua t ion  of t he  gas 

i nva r i an t  i s  examined. Discussed i s  t h e  question of f luc tua t ions  of the/ 

Doppler freauency difference on account o f  d i f f r a c t i o n  i n  random e lec t ron  

concentration inhomogeneities. Estimate i s  given of the prec is ion  of 

measurement by t h a t  method. 

reduced/ 

COVER -TO-COVER TRANSIATION 

1. Phase Invar ian t  Method 

Some of t he  methods of ionosphere and in te rp lane tary  gas study 

with the  a i d  of a r t i f i c i a l  s a t e l l i t e s  and rockets  have been considered 
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i n  a series of works C l - 3 .  I n  pa r t i cu la r ,  t he re  i s  auest ion of measure- 

ment of e l ec t ron  concentrat ion N (2,) a t  sa te l l i t e ' s  pos i t i on  and o f  the  

i n t e g r a l  e l ec t ron  concentrat ion along the Ea r th ' s  r ad ius  - ( 'V(t)dz. 

Various 

ionosphere : Doppler frequency s h i f t ,  e f f e c t s  l inked  with phase course 

2,) 

b '  
e f f e c t s  may be used f o r  t h e  measurement of t hese  parairneters of t h e  

v rwia t ions  and group time l a g  i n  the  ionosphere e t c . .  

to these methods, and t h a t  i s  the  exclusion of e f f e c t s  l inked  only with 

the  v a r i a t i o n  of geometrical parameters. It  i s  shown i n  reference c3}  

t h a t  the  proposed methods lead  t o  iden t i ca l  func t iona l  dependences of 

One th ing  i s  common 

t h e  measured q u a n t i t i e s  on concentration of e lec t rons .  

It i s  proposed i n  the cur ren t  work t o  use f o r  t h e  determination - 
of N (2) t h e  v a r i a t i o n  of t h e  p.hase invar ian t  8 i n  a three-harmonic wave 

[4]. The l a t t e r  method, while giving i n  substance t h e  same r e s u l t s  as 

t h e  methods examined i n  [l - 33, i s  simpler from the  standpoint of the  

est imate  of f luc tua t ions .  

I n  the  same approximation a s  i n  c37,  the  phase inva r i an t  f o r  a 

plane three-harmonic wave propagating i n  t he  ionosphere, may be w r i t t e n  

i n  t h e  form: 

7. 

!.lhe-n- d e r i v i ~ g  this expressim, we i u t i  1 i zed t h e  expression f o r  the phase 

course i n  a sphe r i ca l ly - s t r a t i f i ed  ionosphere [33 : 

... 
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and we considered t h a t  wL = (cH,,/mc) cos -( ,<.< uto; m,; UJ?. The following 

designations were used i n  t h e  aclove-prcsented expressions : yo f o r  t he  

phase of t h e  c a r r i e r  frequency W o  ; (P1, 'p2 f o r  t h e  o s c i l l a t i o n  phases 

of wl, cJ2 ; 

i n  t h e  three-harmonic wave are l inked by the  c o r r e l a t i o n :  

% f o r  t h e  zenithal angle of the s a t e l l i t e .  The frequencies  

The v a r i a t i o n  of the phase invar ian t  a t  three-harmonic wave pro- 

~ 
pagation i n  the  medium i s  conditioned by t h e  dispers ion.  I n  t h e  iono- 

sphere dis! e r s ion  i s  caused by r e f r ac t ive  index dependence on freauency 

as elell a s  by d i f f r a c t i o n  i n  random irhomogeneities of t he  r e f r a c t i v e  ~ 

index. The f irst  cause leads  t o  regular  i nva r i an t  phase va r i a t ions  a s  

a func t ion  of d i s tance  t rave led  by the wave i n  t h e  medium. Di f f r ac t ion  

i n  random inhomogeneities provokes f luc tua t ions  of t h e  phase inva r i an t  

~ 

It i s  necessary t o  render more precise  t h e  ascer ta in ing  of t he  

I place  of t he  proposed method i n  the s e r i e s  of o ther  methods described 

i n  l i t e r a t u r e .  By comparison with t h e  method u t i l i z i n g  the Faraday effect ,  

~ 

t he  methods based on the  measurement of the  Doppler s h i f t  of t h e  reduced 

I d i f f e rence  of two coherent freguencies,  on t h e  di 'fference of group t i m e  
I 

l a g  arid of illat of phase i;;;-arial?cu, are  mere  precis^, f o r  t h e i r  accuracy 

i s  not  influenced by s a t e l l i t e  r o t a t i o n  and geomagnetic inhomogeneity. 



4. 

In  the  method u t i l i z i n g  the  Doppler frequency differences,  measured is 

t h e  quant i ty  

which d i f f e r s  from 6 ( N )  111. Simultaneous measurement of d@/dt  and 
- e(N) (group l ag  t ime),  a l l  o ther  conditions being i d e n t i c a l ,  w i l l  allow 

$0 

0 .  
a more accurate  determination of N (zo) arid J N d z .  

2. Fluctuat ions of t he  Phase Invar ian t  

The e f f e c t  of  measured quan t i t i e s '  f l uc tua t ions  has not been 

taken i n t o  account i n  a l l  works known t o  us. It appears t o  be necessary 

though t o  e f f e c t  t h i s  accounting from the  s tandpoint  of the e f f e c t  of 

f l uc tua t ions  on measurement prec is ion ,  a s  well  as with the  objec t  of stu- 

dying t h e  s t a t i s t i c a l  s t ruc tu re  of t h e  ionosphere. A s  was already mentioned, 

t he  es t imate  of phase invar ian t  f luc tua t ions  may be made i n  a comparative- 

l y  simple way. 

To est imate  t h e  i n t e n s i t y  of f luc tua t ions  of t h e  phase i n v a r i a n t  

of a three-harmonic wave propagating i n  t h e  ionosphere, it i s  necezsary 

t o  f i n d  t h e  spectrum of the s t r u c t u r a l  func t ion  of the phase invar ian t .  

The spec t run  of 

d i f f e rence  of wave numbers 

same method as t h a t  used i n  [ 5 ,  61: 

F, (x , 0 )  foiz the case cf' 22 arhFt.rPry value of t h e  

Ilk = lz, -- k, = k, ---k,: ' may be  obtained by t h e  

.. 
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where L i s  t h e  path over which t h e  three-harmonic wave travels i n  

the  medium, and @N ( %  , 0)  i s  the  three-dimensional f l u c t u a t i o n  spectrum 

of e l ec t ron  concentration. 

It may be seen from the  above expression t h a t  i f  i e  f i e l d  of 

f l u c t u a t i o n s  of e l ec t ron  concentration i s  locally-uniform and i so t rop ic ,  

t h e  f i e l d  of f l uc tua t ions  of t h e  phase inva r i an t  (cont ra ry  t o  tropo- 

sphere [ 6 ] )  i s  a l s o  locally-uniform. The ind ica ted  d i s t i n c t i o n  from t h e  

troposphere case i s  l inked  with t h e  dispersion of the index of r e f r ac t ion .  

As was shown i n  [SI, t he re  are at present d i r e c t  demonstrations of the  

ex is tence  of turbulence i n  t h e  lower  ionosphere. Generally speaking, 

turbulence i n  t h e  E-region i s  not i so t rop ic ,  while i n  the F-region the  

cha rac t e r  of inhomogeneities apparently d i f f e r s  s u b s t a n t i a l l y  from the  

locally-uniform turbuience, fiGiqeVsT, f ~ ?  t h e  e c t i z a t . ~  of the order  of 

magnitude of f luc tua t ions ,  we s h a l l  consider t h a t  

(r)&(r, '0) = 0,033 Ci,  7.- ' I "  (7." 7 < x,,,, ). (4) 



Xstimates of C 2 from the ana lys i s  of var ious experimental data [83 

lead  t o  t h e  value C 2 CL 2.3 - 10 4 cm -*O/3 

The inhomogeneity o f  the f i e l d  of f luc tua t ions  of t h e  phase 

inva r i an t ,  l inked with the  e f f e c t  of large-scale  inhomogeneities, i s  

determined by the  e f f e c t s  allowed f o r  by geometrical op t ics .  I n  subst-  

ance, these e f f e c t s  may be r e l a t e d  t o  the quant i ty  being measured, and 

they are  automatically taken i n t o  account by f o r m l a  (1). It follows 

from t h e  &pression f o r  the  spe' trum (3)  t h a t  the  conditions of appl i -  

c a b i l i t y  of geometrical op t ics  has the form and the  

i n t e n s i t y  of ltsmall-scalett f luc tua t ions  i s  determined by t h e  energy 

included within the limits from X , < < ~ E ( A A L ) - - ~ ~ \  t o  X . The con- 

Crete se lec t ion  of the value Zl has no e f f ec t  on the f i n a l  r e su l t s .  

max 

The i n t e n s i t y  of ttsmall-scale't f l uc tua t ions  i s  expressed by 

t h e  i n t e g r a l  

After  a s e r i e s  of transformations we may obtain anexpres s ion  come- 

n ien t  f o r  es t imates  

The mean value of t he  phase invariant  (meai-ured value) i s  equal by 

L I -  bllt: - QL@I. of  lag^.^^& to 
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The r e l a t i o n  

charac te r i ses  the  excess of the  measured value over f luc tua t ions .  

Compiled a re  i n  Table 1 the  values of t h i s  r e l a t i o n  f o r  c e r t a i n  wave- 

lengths  (). & 30 .II,  3 ,{(, 0,3 . i f )  I and f o r  distances from 200 t o  2000 km. 

TABLE 1 

It may be seen from t h a t  t a b l e  tha t  f o r  a spec i f i c  se lec t ion  of 

apparatus '  parameters one may r ea l i ze  the case, when the  regular  var ia-  

t i o n s  of t he  phase invar ian t  do not exceed 2% , and the  measured quan- 

t i t y  8 i s  by one order higher than t h e  l e v e l  of f luctuat ions.  As was al- 

ready reminded above, t he  e f f e c t  of t h e  F-layer was not taken i n t o  account 

i n  our estimates,  and t h a t i s  why the estimates braught out i n  Table 

give only the orders  of magnitudes. It i s  obvious t h a t  the e f f e c t  of the  

1, 

upper ionosphere l a y e r s  may only lead  t o  t h e  r ise of he2. As t o  t he  

r e l a t i o n  K, t h e  folric of its dependence on L may vary subs tan t ia l ly .  

For t h e  construction of apparatus designed f o r  measurement of t he  

phase invar ian t  i n  a three-harmonic wave, i t  i s  necessary t o  note, t h a t  
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the phase difference of two osc i l l a t ions ,  of which one i s  obtained 

during t h e  s h i f t  of c a r r i e r  and l a t e r a l  o s c i l l a t i o n s ,  and the  other  

a t  the s h i f t  of the  c a r r i e r  and t h e  other l a t e r a l  o s c i l l a t i o n  ( a l s o  

a d i f fe rence  freouency) , is  a auan t i ty  proport ional  t o  t h e  phase inva- 

r i a n t .  

3 .  Fluctuat ions of the Reduced Difference 

of Doppler Frequencies 

Let us  consider the  quest ion of t h e  e f f e c t  of tu rbulen t  inho- 

mogeneities on t h e  measurement precis ion of t he  Doppler s h i f t  of the  

d i f fe rence  of two coherent frequencies. 

The s t r u c t u r a l  funct ion of the reduced difference of phases 

has  the form: 

where 

from t h e  axis x, and mw, = nw2 = 0 ) .  

The two-dimensional spectrum of t h e  phase reduced d i f fe rence  

h a s  the form: 

. ./. . 
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sin I .?(kl  -! k,)  L / 2  k , k 2 ]  
x2(k,  + k2)l . /2k,kz .  

I n  the  use of the coherent frequency method f o r  the  determina- 

t i o n  of e l ec t ron  concentration i n  the  ionosphere, one general ly  measu- 

res t h e  der iva t ive  i n  time from t h e  reduced difference of phases, f o r  

t he  reduced phase difference i t s e l f  i s  not single-valued (it v a r i e s  

wi th in  limits much g rea t e r  than 2 f i ) .  To compute f luc tua t ion  of t h a t  

quant i ty  it i s  neces-ary t o  know the time spectrum of reduced d i f fe rence  

of phases.. The simplest way t o  f i n d  the temporal f l uc tua t ions  i s  t o  

make use of t h e  hypothesis of !!frozen turbulence1’. The time spectrum of 

t h e  reduced difference of phases may be found from the  s p a t i a l  spectrum. 

When u t i l i z i n g  the  hypothesis of !!frozen turbulence!! it i s  necessary t o  

a l s o  account f o r  d r i f t  of inhomogeneities i n  the  ionosphere and the 

motion v e l o c i t y  o f t h e  s a t e l l i t e  i n  the  d i r ec t ion  perpendicular t o  the  

l i n e  s t a l l i t e  - observer. Because s a t e l l i t e  ve loc i ty  g rea t ly  exceeds 

t h a t  of inhomogeneities’ d r i f t  i n  the  ionosphere, mainly t h e  f luc t au t ions  

r e l a t e d  t o  s a t e l l i t e ’ s  motion w i l l  have e f f e c t .  A t  t he  same time, the 

problem i s  %onsidered i n  tne sziiie approxir?li.zion a s  in [SI, i . e .  there  i s  

Quest ion of f l a t  (plane)  wave propagation in an i n f i n i t e  tu rbulen t  medium. 
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The f luc tua t ions  of the reduced d i f fe rence  of phases l ead  t o  t h e  b lur r ing  
I 

I of the  s p e c t r a l  l i n e  of t h e  reduced Doppler frenuency d i f fe rence .  

The problem of i n t e r e s t  t o  us on the measurement p rec i s ion  of 

t he  Doppler s h i f t  of coherent f reauencies '  reduced difference i s  equiva- 

l e n t  t o  t h e  problem of study of genera tor ' s  s p e c t r a l  l i n e ,  blurred on 

account of f l uc tua t ion  frequency [ 9 ,  10). Thus, there  i s  quest ion of t h e  

shape of o s c i l l a t i o n ' s  s p e c t r a l  l i n e  of the form 

I 

t 
y ( t )  = A cos [.,t + a ( t ) l ;  a ( f )  = Av(i)di, (11) 

to 

I where A i s  the  amplitude, J i s  the measured reduced d i f fe rence  of fre- 
I g 

quencies, a ( t )  i s  the  random phase, A V ( ( t )  - freauency f luc tua t ions .  I 

I Generally speaking, the  process G ( t >  i s  not stati .onary on account of 

f i e l d  inhomogeneity of t h e  reduced difference of phases. Nevertheless, 

i f  one takes  i n t o  account t h e  f i n i t e n e s s  of observation time, o r  reduces 

the  frequencies near zero, as t h i s  was done i n  [ll], it i s  possible  t o  

make use of r e s u l t s  obtained i n  the  above-mentioned works f o r  t h e  e s t i -  

mate of t he  width of t he  considered process '  s p e c t r a l  l i ne .  It is  wel l  

known [ 9 ] ,  t h a t  when t h e  spec t r a l  d e n s i t y  of frequency G ( f )  f luc tua t ions  

a t  f = 0 i s  zero, the formation of f i n i t e  widt,h of the l i n e  w i l l  not 

take  place,  and the  problem w i l l  be reduced t o  t h e  separat ion of the  mono- 

chromatic l i n e  from noises.  It may be shown, t h a t  the  s p e c t r a l  dens i ty  of 

f l u c t u a t i o n s  of the reduced difference of f reauencies  near zero i s  pro- 

po r t iona l  t o  f'2/3. This means t h a t  the spec t r a l  l i n e  w i l l  have a f i n i t e  

width, and f o r  t he  determination of the  difference of Doppler f reauencies  

it i s  necessary t o  determine the  maximum pos i t i on  i n  t h e  spectrum y (t).  
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One may use the  following expression [lo] 

width of the  s p e c t r a l  l i n e :  

f o r  the est imate  of t he  

(12) r - - - - -  - A f = 11 R, (0),'27:, 

where B, ( r )  i s  t h e  co r re l a t ion  function of f luc tua t ions  of t he  d i f -  

ference of reduced frequencies .  

Therefore, we a re  i n t e r e s t e d  i n  t h e  mean square of f l u c t u a t i o n s  

of reduced frequencies '  d i f ference.  We s h a l l  show, t h a t  knowing the  

two-dimensional spectrum of phases' reduced difference,  w e  may f i n d  t h e  

two-dimensional spectrum of frequency d i f fe rence  assuming the  f rozen  

turbulence hypothesis.  L e t  u s  make use o f  t h e  deconiposit,ion of t h e  

loca l ly- i so t ropic  f i e l d  of phase difference f l u c t u a t i o n s :  

m 

S(r) z= S(O,  0, 01 + J ( I  - eixr ) 
(13) 

- m  

dy ( x )  dpY ( x ' )  = % ( x  - x ' ) @ , ( x ) ~ x ~ x ' ,  

a S [ X )  i s  t h e  three-dimensional spectrum of t h e  reduced d i f fe rence  of 

phases. L e t  us assume th8.t the inhomogeneities a r e  s h i f t e d  by t h e  wind 

i n  a t ransverse  d i r ec t ion  r e l a t i v e  t o  t h e  course ( t o  t h e  a x i s  x) of the  

d i r ec t ion  w i t h  a ve loc i ty  

d i f fe rence  may be considered with the a i d  of (13), provided we subs t i t .u te  

. 
v . Then the temporal f l uc tua t ions  of phase n 



L e t  u s  d i f f e r e n t i a t e  t he  f luc tua t ions  of phase d i f f e rence  i n  time: 

Returning t o  old var iab les ,  we s h a l l  obtain t h e  decomposition of  the  

f i  d of  f l uc tua t ions  of t h e  reduced phase d i f f e rence :  

A V ( ~ )  = - r i ( x n v n )  eixr i i y ( x ) .  ' (16) 
-a 

t he  f i e l d  AV(r)  i s  uniform, but sn iso t ropic .  Let u s  determine t h e  corre-  

l a t i o n  funct ion Lv: 

-01 

It fo l lows  from t h a t  expression t h a t  

diniensional spectrum of f l u c t u a t i o n s  of t he  reduced frequencies '  d i f fe rence .  

i s  t h e  three-  

Let u s  ixtroduce f o r  consideration the  two-dimensional spectrum of 

of f l u c t u a t i o n s  of t h e  reduced Doppler frequency 

I n  p a r t i c u l a r ,  

d i f fe rence  : 

(18) 

where Fs(%, i s ,  0)' i s  the two-dimnsional spectrum of the reduced phase 

. Let us f i n d  t h e  t i m e  spectrum of f luc tua t ions  W o  ( f ) .  

r ing  t h e  co r re l a t ion  funct ion 4 1 ( T )  i n  the plane x = L and assuming 

we s h a l l  consider t h e  funct ion t o  be  t h e  c o r r e l a t i o n  

Conside- 
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funct ion  of f luc tua t ions  b$( p , t )  [SI. Introducing the  s p e c t r a l  dens i ty  

of t h e  process 

we f i n d  : 

since 

-m 

- L  

( f )  = 4~ J a(o - z),x,,) F,(x,, 0) ( x , c , ) " ~ x , .  (22) -- I 
For the  sake  of s impl i c i ty  l e t  us  assume t h a t  vn i s  d i r e c t e d  

along t h e  axis y. Then, i n t eg ra t ing  along x2, we s h a l l  f i n d :  

for  ( see  [SI) : 

where 

d i f f e rence  of phases. This result may be f o r t o l d  i n  advance, inasmuch as 

( f )  i s  t h e  spec t r a l  d e n s i t y  of  f l u c t u a t i o n s  of t h e  reduced 
s 

we a r e  considering t h e  der iva t ive  of the process with s t a t iona ry  increments. 

where W,is  the spectrum of the o r ig ina l  process with s t , a t ionary  incre-  

ments. Passing t o  polar  coordinates,  we f ind  from t h e  expression (20)  : 

.. 



(23) 

The estimate ca r r i ed  out according t o  fornula ( 1 2 )  l eads  t o  t he  value 

of t h e  e f f e c t i v e  width of the  s p e c t r a l  l i n e  of = 1 2  c/s f o r  t h e  fre- 

quencies fl 2 = 20 mc/s and 40 mc/s ( L  = 200 km, vn =8km sec -l). 
9 

Therefore, t h e  measured s p e c t r a l  l i n e  i n  t h e  frequency Vg may 

r e s u l t  r a t h e r  s t rongly  blurred. The precision of V D  determination i s  thus  
0 

d i r e c t l y  l inked with t h e  accuracy i n  the determination of the  pos i t i on  of 

the  m a x i m u m  i n  the  spectrum N,, (fl and i s  determined by the  apparatus 

appl ied  and the  method of r e s u l t s  of measurements' processing. Hence it 

f o l l o w s  t h a t  e r r o r  i n  t h e  3 

comparison with t h e  quant i ty  A f .  By the order of magnitude t h i s  i s  not 

i n  cont rad ic t ion  with t h e  ava i lab le  experimental da ta  [12]. 

measilrement may be notably decreased i n  
g 

A s imi l a r  s i t u a t i o n  t akes  a l s o  plzce a t  measurement of 6 .  

The va lues  of the r e l a t i o n  

i z e  t h e  m a x i m u m  f luc tua t ions  of 8 .  

measurement processing, t h e  accuracy of 8 determination may be overrated. 

g / v s  , brought out i n  Table 1, charac te r -  

Depending upon t h e  method of r e s u b  of 

I n  conclusion we may note, t ha t  a more de t a i l ed  consideration of 

t h e  questions touched upon w i l l  provide the  p o s s i b i l i t y  of u t i l i z i n g  t h e  

above-examined experimental m thods f o r  the study of f l u c t u a t i o n s  i n  t h e  

ionosphere. 

Radiophysical I n s t i t u t e  of 
S c i e n t i f i c  Research 
a t  Gor'kiy University.  

Entered on 2 1  June 1961. 
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